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URANSa b s t r a c t
Flow discharge at the blunt trailing edge of bodies immersed into supersonic stream alters signiﬁcantly
the downstream aerodynamic characteristics. This paper studies the changes in the base region topology
for a wide range of purge ejection, using Unsteady Reynolds Averaged Navier–Stokes solutions. At low
purge rate the base pressure increases, resulting in a reduction of the trailing edge shock wave intensity.
Supersonic purge ﬂows diminishes the base pressure and thus strengthens the shock wave, a linear rela-
tionship between the base pressure and the shock strength was obtained for the investigated conditions.
Furthermore, an auxiliary shock wave system was observed to form upstream of the main ﬁsh tail shock
at certain discharge rates.
 2013 Elsevier Ltd. Open access under CC BY-NC-SA license. 1. Introduction
Improvements in lifespan and efﬁciency of aero-mechanical
systems has steered research towards limiting detrimental aero-
structural interactions. Such effects become signiﬁcantly severe
when the internal ﬂow velocities are beyond the speed of sound.
When airfoils are submerged into supersonic passages, shock
waves are formed at the trailing edge, causing undesired pressure
perturbations downstream. The subsequent unsteady forcing in-
duced by the trailing edge shock waves on downstream rotating
airfoils leads to mechanical and thermal fatigue. These unfavorable
inﬂuences could be alleviated through the modulation of the shock
waves. Understanding the trailing edge ﬂow ﬁeld is essential to re-
veal the parameters affecting those pressure distortions. Fig. 1 rep-
resents the ﬂow topology at the trailing edge. Owing to Coanda
effect, upstream boundary layers remain attached at the trailing
edge corner, separate immediately downstream and develop shear
layers. While simultaneously, the main ﬂow accelerates through a
Prandtl–Meyer expansion fan. The shear layers propagating down-
stream from each side of the trailing edge unite at the point of con-
ﬂuence and merge into the wake. Preceding this point, enclosed by
the shear layers and the trailing edge, there is a dead air zone,
where the lowmomentum and constant pressure ﬂow recirculates.
This area is often referred to as the base region, whose attributes
have strong inﬂuence on several features of surrounding ﬂow ﬁled,namely the vortex shedding and compression waves. Conse-
quently, the unsteady pressure and temperature ﬁeld downstream
of the trailing edge is dominated by the base region characteristics.
The compression process in supersonic trailing edge ﬂows is com-
monly observed in two stages. A weak and local compression wave,
called separation or lip shock, is formed at the point of ﬂow detach-
ment in order to adapt the pressure gradient between the shearing
ﬂow and the downstream. Although the properties of the lip shock
depends on both the trailing edge geometry and free stream ﬂow
conditions, it is usually embedded into the shear layer and conse-
quently it may not be visible. Further on, at the conﬂuence point,
the ﬂow changes its direction notably and therefore it is forced
to compress through a system of strong trailing edge shocks. The
degree of compression, hence the strength of the shock waves,
highly depend on the base region properties.
Several analytical, numerical and experimental studies have
been dedicated to understand the characteristics of the base ﬂows
in multiple applications. The literature can be classiﬁed into three
categories: characterization of the base pressure – base drag on
wing airfoils (2D) and projectiles (axisymmetric bodies); base pres-
sure-shock losses in turbomachinery airfoils (2D), and effects of
trailing edge bleed on the base region.
The experimental review of Nash [1] showed that the base pres-
sure in 2D supersonic ﬂows increases with the boundary layer
momentum thickness, and hence the base drag force decreases. A
later compilation [2] recorded the effect of the base pressure on
the point of vortex street formation, which leads to an additional
drag. In conjunction with these studies, an extensive experimental
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edges [3] revealed an abrupt fall in the base pressure (sudden in-
crease in the base drag) as Mach numbers approached to unity.
For high supersonic range the trailing edge shock structure re-
mained unchanged while the corners of a blunt trailing edge was
gradually smoothened [4]. On the other hand, the point of separa-
tion moved upstream resulting in higher lip shock angles as the ra-
dius of the edge rounding was increased. Furthermore, the base
pressure reduced monotonically as the Mach number increased
from 2 to 4.5 for a wide range of Reynolds numbers (105 to
2  106). Sieverding et al. [5] observed conforming trends on mea-
surements made on a ﬂat plate with rounded trailing edge at Mach
1.0 to 2.3.
Base pressure losses, along with the trailing edge ﬂow topology,
has been thoroughly investigated in turbomachinery airfoils, since
trailing edge losses contribute up to 50% of the total proﬁle losses
[6,7], and may lead to high cycle fatigue problems. The most ad-
verse consequence of transonic ﬂow in 2D proﬁles is the shock sys-
tem at the trailing edge [7]. Impingement of the trailing edge shockFig. 1. Schematic representation of supersonic ﬂow on a blunt trailing edge.on the neighboring airfoil and the adjacent blade row perturbs the
boundary layer, and promotes the formation of a separation bubble
[7,8]. Paniagua et al. [8] quote an abatement of 5% in the turbine
efﬁciency of a transonic turbine when the vane outlet Mach num-
ber was raised from 1.07 to 1.24.
Auxiliary ﬂow discharged into the main stream is utilized in
high-pressure turbomachinery due thermal concerns. The high
pressure turbine airfoils, located downstream of the combustor,
are internally cooled and a substantial amount of the cold ﬂow is
ejected at the trailing edge. Several researchers [9–17] investigated
the effects of trailing edge blowing on the aerodynamic perfor-
mance. Sieverding [18], using Schlieren visualizations revealed
that the trailing edge shocks became more normal with increased
purge mass ﬂow, and the use of high density coolants (CO2 and
Freon) resulted in augmented base pressure. Raffel and Kost [19]
identiﬁed a signiﬁcant reduction in the shock wave strength at
0.8% coolant blowing.
The current paper describes the supersonic ﬂow ﬁeld around
the blunt trailing edge section considering ﬂow discharge in the
base region. The objective of the study is to provide a comprehen-
sive analysis of the effects of the trailing edge purge on the ﬂow
features, such as trailing edge shocks and base pressure, based
on extensive URANS simulations. The paper details the ﬂow topol-
ogy, base pressure and shock waves, providing aerodynamicists
fundamental knowledge to allow the modulation of shock waves.
The analysis is based on the time-averaged results of URANS
post-processed using in-house routines to quantify the shock
intensity and angle. The paper describes the numerical tool, ﬂow
topologies, base pressure and shock waves.2. Numerical tool
Numerous applications of Reynolds-averaged Navier–Stokes
equations with k-e turbulence models have been documented in
the literature [20,21] for predicting high Reynolds number turbu-
lent ﬂows and viscous-inviscid interactions. The predictions using
URANS yield an improvement compared to the RANS scheme with
a precision similar to the one provided by a Large-Eddy-Simulation
scheme (LES) without a high computational cost as shown by Gar-
nier et al. [22]. Finally, the use of URANS using k–e has been just
validated in the literature for the ﬂow ﬁeld prediction over differ-
ent trailing-edge conﬁgurations [23]. The ﬂow ﬁeld around a trail-
ing edge section with a set of different discharge rates can be
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tional solver. In this section, the methodology validation, the solver
and the grid selections are described.
2.1. Methodology validation
The numerical validation has been performed on a backward
facing step due to the similarity with the trailing edge ﬂow. The
topology of the Prandtl–Meyer expansion fan, boundary layer
detachment (generating a shear layer between the supersonic ﬂow
and the subsonic recirculation region), wake lip and reattachment
shock waves are analogous for both geometries. The experimental
results obtained by Smith [24] on a 2.5 Mach stream ﬂowing over a
supersonic rearward-facing step were used for the validation of the
current URANS approach. The geometry used in Smith’s experi-
ments had a 0.0113 m step, and 0.1016 m upstream section for
the incoming boundary layer to develop. The downstream part
was kept 0.3048 m long to capture well the supersonic ﬂow fea-
tures. The numerical domain was enclosed with a slip wall
0.1588 m above the step. The inlet total pressure and outlet static
pressure were set to 127,553 Pa and 7750 Pa respectively to match
the experimental conditions at M = 2.5 and Re = 78.74  106/m.
The inlet total temperature was 344 K. In the calculation, the ﬂuid
domain was meshed using triangles with a non-uniform rectangu-
lar boundary layer mesh close to the wall. To solve the laminar
sublayer, y+ < 1 was kept for the incoming turbulent boundary
layer. The resulting 2D mesh consisted of 30,000 grid points.
The methodology validation was performed using the commer-
cial CFD package ANSYS 14 (Fluent). The ﬂuid was considered as an
ideal gas and the equations were solved explicitly using the den-
sity-based solver due to the high compressibility effects. A second
order upwind differencing was used in the space domain. The tur-
bulence of this high Reynolds number ﬂow is modeled using the
two-equation realizable k–e model. The enhanced wall treatment
with pressure gradient effects was selected to account for com-
pressibility and pressure gradient. Pressure inlet and non-reﬂective
outlet boundary conditions were imposed. The walls were consid-
ered adiabatic with the non-slip velocity condition. Convergence
was assumed when the absolute residual for all variables became
less than 0.001. Fig. 2 displays the comparison between experi-
ments and CFD in terms of shadowgraph visualizations and pres-
sure measurements along the ﬂow direction. The experimental
and CFD shadowgraphs are presented with identical scale, to allow
the quantitative comparison of the shock wave locations. The CFDFig. 2. (a) Shadowgraph image of the experiments of Smith [28], (b) shadowgraph conto
shadowgraph images belonging to the experiments (dashed) and FLUENT solver (solid) a
facing step.shows a good agreement with the experimental data, and particu-
larly in terms of static pressure, the numerical results are within
the uncertainty of the experimental data. All the relevant ﬂow pat-
terns were reproduced in the numerical calculations with accuracy,
namely the expansion fan, shear layer, separation shock and reat-
tachment shock.
2.2. Computational grid and operating conditions
The test model consists of a ﬂat plate with a blunt trailing edge
with an ejection slot placed at the center of the trailing edge. Fig. 3
displays the computational domain and enlarged view of the grid
around the discharge channel. The grid is highly resolved on the
boundaries, corners and the wake.
The computational domain had a length of 21.75  d (d is the
trailing edge thickness equal to 0.02 m) and 20  d wide. The dis-
charge channel length and width were 2.5  d and 0.3  d respec-
tively. The purge ﬂow was fed by a larger cavity, which is 3 times
larger in width than the discharge channel to ensure low subsonic
conditions. The computational domain was meshed with 140,539
nodes considering two distinct zones. The structured non-uniform
rectangular mesh close to the solid boundaries, namely the surface
of the ﬂat plate, the trailing edge, and the discharge channel were
reﬁned to resolve the boundary layer. The resulting y+ values were
lower than 1 on the trailing edge. The outer grid was meshed with
unstructured triangles with a growth factor rate of 1.1 and keeping
a maximum size of 0.05  d. At the main ﬂow inlet, uniform total
and static pressures were imposed equal to 368,470 and
100,000 Pa respectively. A stagnation temperature of 365 K was
imposed to obtain 1.5 inlet Mach number. The Reynolds number
at the inlet was 9.4  106. The purge ﬂow pressure was varied be-
tween 17% and 211% of the free stream, with the purge ﬂow tem-
perature kept at 300 K.
2.3. Grid independence
A thorough study of the grid sensitivity was carried out to en-
sure the time-averaged Unsteady Reynolds Averaged Navier–
Stokes (URANS) solutions were grid-independent. This evaluation
was conducted in conﬁgurations with subsonic purge ﬂow jet
(the pressure level was 19 % of main ﬂow total pressure) and highly
supersonic purge ﬂow jet (at 211% of the main ﬂow total pressure).
Three meshes were used (N1, N2, N3), resulting in a reﬁnement
ratio r = (Ncoarsen/Nreﬁne)0.5 close to 1.5, where N is the number ofurs from FLUENT simulations, (c) comparison of main ﬂow features extracted from
nd (d) non-dimensional surface pressure distribution downstream of the backward
Fig. 3. Computational domain of mesh at trailing edge and discharge slot region.
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evaluate the grid sensitivity the base pressure was calculated
through area weighted average criteria (/). The difference in the
variable / between two grids is denoted by exy = /x  /y. Using
the method proposed by Richardson [25], an apparent reﬁnement
ratio (p) and an extrapolated parameter of study were obtained,
2.66 and 61,484 Pa respectively for the subsonic jet and 1.85 and
55,485 Pa respectively for supersonic jet, according to Stern et al.
[26]. The grid convergence study is summarized in Table 1. The
base pressure showed a monotonic behavior with a negligible
uncertainty for the grid N1. According to the results, the grid N2
represented a relative error lower than 2% and 10% for the subsonic
and supersonic jets, respectively. Hence, the grid N2 was selected
as an efﬁcient grid to perform the following numerical simulations.
The time step was adapted to each condition, ranging from 0.5 to
5  106 s. Convergence was achieved after 6–20 thousand time
steps which required 180–600 computational hours in a 6-core In-
tel i7 2.8 GHz with 8 GB RAM.
The time history of the ﬂow quantities of interest (base pressure
on each side of the trailing edge, coolant density, etc.) was moni-
tored to assess the convergence. Fig. 4 displays the convergence
history of the base pressure. The oscillations occurring at high fre-
quency, i.e. ﬂow unsteadiness, are related to the vortex shedding.
Therefore to obtain the time-averaged data, the averaging window
contains at least 15 periods of the ﬂuctuating ﬂow ﬁeld property
(over a 3000 time steps).Table 1
Grid independence and relative error study results.
Grid Number of Nodes /19% r19% e19%
N1 271,146 61,812 1.39 650
N2 140,539 61,162 1.25 2393
N3 88,848 58,7692.4. Numerical procedure to analyze shock waves
Shadowgraphs have been utilized to detect gradients since the
17th century [27]. Schlieren techniques have been powerful exper-
imental tools to detect the supersonic ﬂow structures with sharp
density gradients, such as shock waves and expansion fans. Other
methodologies, like background oriented Schlieren or calibrated
color Schlieren, have been applied to provide a quantitative under-
standing of the ﬂow ﬁeld [27–31]. The density gradient ﬁelds of the
numerical results have similarly been post-processed. Fig. 5 de-
picts the methodology to obtain a comparative evolution of the
shock wave properties for different purge ﬂow rates. First of all,
the density gradient ﬁeld was split into the axial and normal com-
ponents (oq/ox and oq/oy). Secondly, the gradient data was sam-
pled on 144 equally spaced horizontal measurement lines located
on each side of the trailing edge in order to track the ﬂow features.
The lines span from 0.64  d to 3.5  d away from the trailing edge
as shown in Fig. 5.
Data along each horizontal line (i, . . ., v, . . ., x. . .) was treated by
a Matlab routine to determine the maximum and minimum values
of density gradient components along the axial (x) and orthogonal
direction (y). Those maximum and minimum respectively dis-
played in step 3 designate the location of the trailing edge shocks
at each horizontal line. The mean level of compression across the
shock wave was evaluated based on the modulus of the density
gradient. On the fourth step, the trailing edge shock wave was
reconstructed by using the least square ﬁt on the coordinates of
the extreme gradient values. Hence, the inclination angle, position
of the shock wave together with the intensity was obtained for
each purge mass ﬂow. The shock properties were normalized by
the values of the no-purge case and represented as relative per-
centage variation of the shock intensity (DI) and degree change
for shock inclination (Da).2.5. Analysis conditions and non-dimensional parameters
The mainstream ﬂow properties were kept constant for all sim-
ulations; while the purge ﬂow inlet total pressure was varied to al-
ter the mass ﬂow rate. In this study, free stream to purge density
ratio (qpurge/qf) was the selected non-dimensional parameter to
characterize the ﬂow ﬁeld, this choice was based on widespread
use in the literature related to turbomachinery cooling. Similarly
to Bernsdorf et al. [32], the density value of the purge ﬂow was
computed at the cavity plenum and the mainstream ﬂow density
was evaluated at the location where purge ﬂow is ejected, namely
at the base region. The density ratios were calculated for every
purge condition with the corresponding purge and free stream
density values. The relationships between the several purge ﬂow
parameters, are compared in Fig. 6. The ﬁgure shows the mono-
tonic relationship between purge mass ﬂow (mpurge), purge inlet
pressure (P0purge/P01), the maximum jet exit Mach number down-
stream of the discharge location (Mpurge), and the density ratio.
The purge jet Mach numbers were calculated as the maximum
Mach number observed downstream of the discharge along the
centerline. Fig. 7 depicts the Mach number evolution along the
centerline for qpurge/qf = 8.9.Error (%) /211% r211% e211% Error (%)
0.05 57,054 1.39 4086 2.82
1.12 61,140 10.191.25 2593
4.9 63,733 14.86
Fig. 4. URANS convergence history of the base pressure in upper and lower side of the trailing edge.
Fig. 5. Post-processing procedure for shock identiﬁcation.
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3.1. Flow topology
The trailing edge ﬂow ﬁeld was highly affected by the ﬂow dis-
charge rate. Fig. 8 shows the ﬂow streamlines and vorticity in the
trailing edge region. The undisturbed base ﬂow, without trailing
edge blowing, (Fig. 8a) contained two counter rotatingrecirculation bubbles neatly enclosed by shear layers on each side
of the trailing edge, spanning 1.7  d downstream. When little
mass ﬂowwas ejected (Fig. 8b) the dead air zone was partially pen-
etrated by the low momentum purge jet. The main recirculating
vortex couple was pushed one trailing edge thickness downstream
while reducing the height. Additionally, a new pair of vortices,
which were well disconnected from each other by the purge jet
and attached to the trailing edge surface, started to grow. The
Fig. 6. The variation of purge mass ﬂow rate, purge to main stream pressure ratios, and purge Mach number with respect to density ratios.
Fig. 7. Mach number evolution along the centerline of the discharge channel.
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into the base region. Accordingly, the shear layers on both side of
the trailing edge were shifted outwards.Fig. 8. Changes in base region ﬂow topology shown by streamlines (top) and vorticity m
qf = 13.5.The downstream bubbles visible in Fig. 8b disappeared as they
are pushed by the higher momentum jet shown in Fig. 8c. More-
over, the purge jet started to entrain from the base region towards
the wake. The recirculation region was reduced in size while being
partially captured by the shear layer. This interaction leads to an-
other recirculation when the discharge mass ﬂow is further in-
creased and the individualization of base regions on both sides of
the ejection slot was complete. Consequently, two distinct base re-
gions were observed in Fig. 8d, containing a pair of relatively small
counter rotating recirculating structures, developed on each side.
Meanwhile, the purge jet achieved supersonic speed and started
to push these regions towards the shear layers on each side of
the trailing edge due to a strong expansion at the jet outlet. The
shear layers shrunk towards the centerline shortly after the bound-
ary layers separated and thus created sharper corners close to the
trailing edge. The increasing release pressure, i.e. mass ﬂow rate,
led to an overexpansion and thus the purge jet size started to grow
comparable with the trailing edge thickness. The shear layers con-
taining the high Mach number purge started to interact with the
main ﬂow shear layers and subsequently deformed the shape ofagnitude (bottom) (a) no blowing, (b) qpurge/qf = 1.05, (c) qpurge/qf = 1.4 (d) qpurge/
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sion corner followed by an expansion was created on the main
ﬂow. Subsequently, the ﬂow deﬂected once again at the conﬂuence
point located more than two trailing edges downstream and
formed the wake. The base pressure was observed to be increasing
in this range mainly due to the entrapment of the base ﬂow on a
small recirculation region and constantly compressed by the purge
jet shear layers.
3.2. Shock wave properties
The characteristics of the trailing edge shock systems were
investigated for a wide range of purge ﬂow rates. The shock wave
properties obtained in the absence of blowing were used as refer-
ence case to normalize the trailing edge shock intensity and shock
angle for all conditions.
Fig. 9 presents the changes in the trailing edge shock properties
in function of density ratios, Fig. 9I displays the shock intensity
while Fig. 9II the shock angle. Parallel to the elevation in base pres-
sure levels, the properties of the shock wave were observed to be
signiﬁcantly altered at the lowest range of purge mass ﬂows (re-
gion b in Fig. 9). The compression across the trailing edge shock
was reduced 87% from the no blowing value. The ﬂattening of
shear layer lowers the deﬂection of the ﬂow on the wake and con-
sequently the degree of compression reduces (as noted in Fig. 8b).
Moreover, the geometrical orientation changes in such a way that
the shock became more normal (2.5) and the conﬂuence point,
where the shock wave was generated, was displaced 0.25  d
downstream.
The positive effect of base pressure augmentation was observed
for a narrow range of low purge rates. The intensity of the shock
started to increase following the decline in the base pressure (re-
gion c in Fig. 9). Though, the shock intensity was still lower than
the no blowing level. Flatter shear layer orientation, resulted in
lower ﬂow deﬂection and thus a milder compression was observed.
Moreover, the location of the shock wave formation was displaced
2  d and 1.5  d upstream on the sides of the trailing edge with
lower and higher base pressure respectively. The trailing edge
shock wave strength exceeded 50% of the null blowing level when
the density ratio was equal to 7.1. Shear layers were observed to be
collapsing towards the base region and together with low com-
pression corner angle resulted in a more abrupt ﬂow deﬂection
and consequently stronger shock waves. Further increase in den-
sity ratio, represented in region d of Fig. 9 resulted in a moreFig. 9. Characterization of trailing edge shock waves: shock intennormal shock wave (5) variation. The origin of the shock wave
was gradually displaced from one trailing edge (d) to 2.3  d down-
stream. Moreover, the shock wave intensity was increased as high
as 45% for the high purge blowing regime.
In absence of discharge or minimum purge, the oblique shock
waves, which identically appeared on both sides, were observed
to be forming at the point of conﬂuence 2  d downstream of the
trailing edge as depicted in Fig. 10I. Additionally, weak lip shocks
appeared symmetrically right after the ﬂow separation at the trail-
ing edge. Fig. 10III shows the properties of the secondary compres-
sion waves. The lip shock waves were observed to be 98% weaker
and 10 more oblique with respect to the main shock for the no
blowing case. It originated 0.2  d downstream of the trailing edge.
For the lowest density ratio (qpurge/qf = 1.05), a more normal lip
shock with slightly higher relative intensity was observed. No sep-
aration shock was detected for the higher density ratios.
Purge jet Mach numbers exceeding the value of 2.5 (qpurge/
qf = 8.3) led a distinctive trailing edge ﬂow ﬁeld. The growing
purge jet shear layers started to reshape the trailing edge shear
layer. As a result, an additional compression corner was created
shortly after the ﬂow separation symmetrically on both sides of
the trailing edge. This interaction resulted in a second pair of sym-
metric shock system, followed by a subsequent expansion, at
0.35  d downstream of the trailing edge as shown in Fig. 10II.
Fig. 10III reveals the strength and angle of the second shock system
relative to the main trailing edge shock. The compression across
the upstream shock was similar, with limited downstream exten-
sion, to the trailing edge shock for lower density ratio but the
strength increased with the purge rate. Eventually, the intensity
of the upstream shock became higher than the trailing edge shock
for qpurge/qf beyond 12.1. Consequently, the strength of the main
shock reduces monotonically as most of the compression occurs
on the upstream shock wave. Furthermore, the inclination of the
upstream shock wave, which is initially 13 more oblique than
the main shock, increases gradually until both shocks became par-
allel for the highest blowing. Whereas, the trailing edge shock
keeps the position and inclination more or less constant for this
range.
The analysis revealed a direct relationship between the shock
properties and the base pressure. Fig. 11 presents the linear func-
tion between the shock intensity and the nondimensional base
pressure. The highest base pressure resulted in the weakest trailing
edge shock for the tested free stream conditions. Consequently, an
active ﬂow control technique serving to increase the base pressuresity (I) and angle variation (II) with respect to density ratio.
Fig. 10. (I) Schlieren picture at qpurge/qf = 1.05; (II) Schlieren picture at qpurge/qf = 13.5 and (III) shock angle and intensity variation of secondary shocks in function of density
ratio.
Fig. 11. Relative shock intensity variation in function of non-dimensional base pressure.
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intensity.
3.3. Base pressure
The effect of trailing edge purge ﬂow on the base pressure level
was evaluated for a wide range of purge ﬂow rates. The base pres-
sure values were calculated by area-weighted averaging of the sta-
tic pressure at the trailing edge surface. The extracted base
pressure values were non-dimensionalized by the no blowing base
pressure and represented in Fig. 12 in function of the density ratio.
In region b of Fig. 12, the base pressure levels increased with
low purge mass ﬂows also observed previously by Sieverding
[18] and Raffel and Kost [19]. Discharging air with relatively lowFig. 12. Base pressure correlation imomentum content pushed the main recirculating structure
downstream, diffused into the base region and created a second
set of smaller circulation zone on both sides of the trailing edge.
Consequently, the pressure in the base region was increased by
the ﬁlling effect of the purge jet. In Fig. 12, region c, a further in-
crease in the purge ﬂow resulted in an inﬂection on the base pres-
sure behavior. While the momentum of the purge jet gradually
increased, the entrainment of ﬂuid contained in the dead air zone
was enhanced. Thus, evacuation of the ﬂuid from the base region
diminished the pressure. Following the velocities beyond the sonic
line in the purge jet, the dissection of the base region into two iso-
lated zones became more apparent. The base pressure continued to
decrease until the purge jet Mach number reaches 2.5, correspond-
ing to qpurge/qf = 8.3. Along region d in Fig. 12, the expansion in then function of the density ratio.
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pressed the recirculating region on both sides and consequently
the base pressure increased.
The current analysis showed that ﬂow properties, similar to the
base pressure levels, exhibited different absolute values on each
half of the domain although the trends for both sides were similar.
Thus, the properties representing the top and the bottom half were
designated distinctively. The base pressure values on each side of
the trailing edge diverged between the density ratios of 1.1 and
7.1. Uncertainty involved in the numerical methodology could
cause the difference for a certain range of purge. The variation on
both sides might also result from the jet deﬂection, probably
caused by Coanda effect. Such instability has been previously doc-
umented on jet discharge and diverging ﬂows in symmetric chan-
nel studies in the literature [33–38]. Discharging ﬂow deﬂected on
either side beyond a critical Reynolds number (17  103) and rees-
tablished symmetry above large jet Reynolds numbers (2  105) as
observed by Allery et al. [33]. Such phenomena have not been pre-
viously observed on airfoils with trailing edge discharge, because
there exists a natural pressure gradient between both sides of
the trailing edge owing to the uneven pressure distribution on
the each side of the airfoils.
4. Conclusions
The effect of discharge at the base region of a blunt trailing edge
exposed to supersonic ﬂow was numerically investigated for a
wide range of mass ﬂow rates, using URANS. The paper analyzed
the variation in the base pressure in conjunction with the base re-
gion ﬂow topology and trailing edge shock wave properties. Very
low purge rates caused signiﬁcant base pressure augmentation,
which in turn reduced the shock intensities, as low as 87% of the
no blowing case, by modifying the base region ﬂow topology to-
wards a ﬂatter shear layered conﬁguration. For the density ratios
lower than 2.8, the base pressure was observed to be kept higher
and shock intensity remained lower than the no discharge condi-
tion. Therefore, purging with density ratios between unity and
2.8 provided a beneﬁcial playground to modulate the shock waves
for lower intensity without compromising the refrigeration
requirements in turbine applications.
The analysis of the Schlieren images captured the formation of a
second system of compression upstream of the main trailing edge
shocks, for the density ratios above 9.2, due to the excessive
growth of the supersonic purge jet. The trailing edge shock angle
was observed to be less sensitive to the air ejection than the shock
intensity. The high discharge rates resulted in shock wave deﬂec-
tion as high as 5 and intensity comparable to the no blowing con-
dition. The reduction in the shock intensity also resulted in lower
energy dissipation across the shock wave in term of total pressure
loss which is a signiﬁcant parameter for the energy conversion de-
vices. Moreover, trailing edge discharge is beneﬁcial in reducing
static pressure variability and consequently the ﬂow-structure
interaction. Hence, the forcing exerted on the downstream compo-
nents by the shock waves may be lowered.
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